Stennett AK, Qiao X, Falone AE, Koledova VV, Khalil RA. Increased vascular angiotensin type 2 receptor expression and NOS-mediated mechanisms of vascular relaxation in pregnant rats. Am J Physiol Heart Circ Physiol 296: H745-H755, 2009; doi:10.1152/ajpheart.00861.2008.-Normal pregnancy is associated with reduced blood pressure (BP) and decreased pressor response to vasoconstrictors, even though the renin-angiotensin system is upregulated. Angiotensin II (ANG II) activates both angiotensin type 1 receptors (AT 1Rs) and angiotensin type 2 receptors (AT 2Rs). Although the role of the AT1R in vascular contraction is well documented, the role of the AT 2R in vascular relaxation, particularly during pregnancy, is less clear. It was hypothesized that the decreased BP and vasoconstriction during pregnancy was, at least in part, due to changes in AT 2R amount, distribution, and/or postreceptor mechanisms of vascular relaxation. To test this hypothesis, systolic BP was measured in virgin and pregnant (day 19) Sprague-Dawley rats. Isometric contraction/ relaxation was measured in isolated aortic rings, and nitric oxide (NO) production was measured using 4-amino-5-methylamino-2Ј,7Ј-difluorescein fluorescence. AT 1R and AT2R mRNA expression and protein amount were measured in tissue homogenates using real-time RT-PCR and Western blots, and their local distribution was visualized in cryosections using immunohistochemistry and immunofluorescence. BP was lower in pregnant than virgin rats. Phenylephrine (Phe) caused concentration-dependent contraction that was reduced in the aorta of pregnant compared with virgin rats. Treatment with the AT 2R antagonist PD-123319 caused greater enhancement of Phe contraction, and the AT 2R agonist CGP-42112A caused greater relaxation of Phe contraction in the aorta of pregnant than virgin rats. ANG II plus the AT 1R blocker losartan induced greater NO production in the aorta of pregnant than virgin rats. RT-PCR revealed increased mRNA expression of vascular endothelial NO synthase (eNOS), little change in AT 1Rs, and increased AT2Rs in pregnant compared with virgin rats. Western blots revealed an increased protein amount of activated phospho-eNOS, little change in AT 1Rs, and increased AT2Rs in pregnant compared with virgin rats. Immunohistochemistry and immunofluorescence analysis in aortic sections of virgin rats revealed abundant AT 1R staining in tunica media that largely colocalized with actin in vascular smooth muscle and less AT 2Rs mainly in the tunica intima and endothelium. In pregnant rats, AT1R staining in the smooth muscle layer and adventitia was reduced, and endothelial AT2R staining was enhanced. These data suggest an enhanced AT2R-mediated vascular relaxation pathway involving increased expression/activity of endothelial AT2Rs and increased postreceptor activated phospho-eNOS, which may contribute to the decreased BP during pregnancy. endothelium; nitric oxide; nitric oxide synthase; vascular smooth muscle; blood pressure DURING NORMAL PREGNANCY, significant cardiovascular changes occur to meet the metabolic needs of the mother and fetus.
Pregnancy-associated changes in hemodynamics include increased cardiac output and reduced blood pressure (BP) and vascular resistance (29) . Upregulation of the renin-angiotensin system is associated with several forms of hypertension (58, 69) . Although the renin-angiotensin system is upregulated during normal pregnancy, a reduction in BP and a decreased pressor response to ANG II are observed (2, 25, 29) ; the vascular mechanisms involved are unclear.
ANG II activates not only the angiotensin type 1 receptor (AT 1 R) to produce vasoconstriction (31, 52, 66, 67) but also the angiotensin type 2 receptor (AT 2 R) to induce the release of vasodilator substances (24, 32, 39, 62) . Although the role of the AT 1 R in vascular contraction and hypertension is well characterized (30, 54, 65) , the role of the AT 2 R in vascular relaxation and BP regulation, particularly during pregnancy, is not clearly understood. A few studies (11, 63, 64) have suggested a potential role for ANG II receptor subtypes in BP control in pregnant rats and mice; however, BP regulation is a complex process that involves changes in renal, neural, hormonal, and vascular control mechanisms (6, 28, 43, 63) . Also, it has been previously shown that the vascular responsiveness to vasoconstrictors is diminished during pregnancy (16, 29, 42, 43) , although the role of the AT 2 R in mediating the pregnancyassociated reduction in vasoconstriction is unclear.
The AT 1 R is widely expressed in blood vessels and the kidney and mediates most of the effects of ANG II (30, 54, 65) . The AT 2 R has been identified, cloned, and sequenced (7, 9) . However, knowledge about the function of the AT 2 R is still evolving. While both the AT 1 R and AT 2 R are expressed in renal tissues and vessels, they contribute differently to renal cellular growth, tubular functions, and hemodynamics (62, 65) . In many instances, the AT 2 R mediates responses that counteract the effects of the AT 1 R (30, 49) .
Studies have shown that the amount of vascular AT 2 Rs is greater in female than male spontaneously hypertensive rats, and evidence has suggested a role for estrogen in the gender differences in AT 2 R expression (60) . Also, the AT 2 R is expressed heavily in fetal and placental tissues compared with adult tissues (7, 44, 68) . These observations led us to hypothesize that the decreased BP and vascular responsiveness to vasoconstrictors during pregnancy could be due to increased expression of the vascular AT 2 R.
Upregulation of the AT 2 R system could be manifested not only as an increase in the amount of AT 2 Rs but also as an increase in the signaling mechanisms downstream from receptor activation. Endothelium-dependent pathways of vascular relaxation are enhanced during pregnancy (17, 29, 43) . Also, the expression of inducible nitric oxide (NO) synthase (NOS) is elevated in the kidney during late gestation in rats (3). Furthermore, the plasma level, metabolic production, and urinary excretion of cGMP, a second messenger of NO and a mediator of vascular smooth muscle (VSM) relaxation (33, 37) , are increased during pregnancy (12) . However, whether the AT 2 R is involved in the enhanced endothelium-dependent pathways of vascular relaxation and the reduction in BP during pregnancy is unclear.
The purpose of this study was to test the hypothesis that the decreased BP and vasoconstriction during pregnancy reflects changes in the amount/distribution of vascular AT 2 Rs and/or the downstream NO-dependent mechanisms of vascular relaxation. Aortic rings were isolated from virgin and late-pregnant rats and treated with AT 2 R agonists and antagonists to determine the following: 1) whether the decreased BP during pregnancy is associated with enhanced AT 2 R-mediated vascular relaxation and blunting of vascular contraction, 2) whether the enhanced vascular relaxation during pregnancy reflect changes in AT 2 R-mediated endothelium-dependent NO production, and 3) whether the enhanced vascular relaxation during pregnancy reflects changes in the amount/distribution of vascular AT 2 Rs.
MATERIAL AND METHODS

Animals.
Female timed-pregnant (day 19 of gestation, ϳ350 g) and age-matched virgin (12 wk, ϳ250 g) Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) were housed individually and maintained on standard rat chow and tap water ad libitum on a 12:12-h light-dark cycle. Differences in weight between the pregnant and virgin rats were partly due to the gravid uterine weight but may also be related to the pregnancy-associated increase in plasma volume and extracellular fluid volume (40, 43) . The specific stage of the estrous cycle in virgin rats was not determined in the present study. Synchronization of adult virgin rats at a specific stage of the estrous cycle would require the administration of exogenous estrogen and progesterone and abortifacient drugs such as PGF 2␣, which could change the vascular reactivity and thus would affect the measurements of the contractile response in the vascular rings. Therefore, adult virgin rats were studied using random selection regardless of the stage of the ovarian cycle. Since the ovarian cycle in rats is frequent (every 4 -5 days) and the estrous stage is short (ϳ12 h), the average data from all adult rats should cancel out the effects of possible fluctuations in sex hormone levels at specific stages of the ovarian cycle and should, roughly, represent the average changes in vascular function during all stages of the ovarian cycle. All experimental procedures were approved by and performed in accordance with the guidelines of the Animal Care and Use Committee of Harvard Medical School and the American Physiological Society.
BP. Systolic BP was measured using the tail-cuff electrosphygmomanometer system (ITTC, Woodland Hills, CA). After a 2-day training period, BP was measured on days 14 -19 of gestation or the equivalent in age-matched virgin rats. All measurements were made between 8:00 and 11:00 AM. Rats were allowed to rest quietly in a Plexiglas restrainer placed in a warming chamber preset to 30°C. A 17-mm tail cuff with a pneumatic pulse transducer was applied to the base of the tail and programmed to inflate to a maximum pressure of 250 mmHg. The pressure cuff was gradually deflated, and the reappearance of pulsations was detected by a photoelectric sensor, amplified, and recorded on a two-channel polygraph. A rest period of 1 min was allowed between inflations. Results from the first three inflation cycles were discarded, and the average from the next three cycles was taken as the systolic BP of each individual rat on any given day.
Tissue preparation. After BP was measured on day 19 of pregnancy in pregnant rats or the equivalent in age-matched virgin rats, rats were euthanized with CO 2 inhalation, the thoracic and abdominal cavity was opened, and the thoracic aorta was rapidly excised. The aorta was placed in oxygenated Krebs solution, carefully dissected and cleaned of connective tissue under microscopic visualization, and cut into 3-mm-wide rings. Extreme care was taken throughout the tissue isolation and dissection procedure to minimize injury to the endothelium.
Isometric contraction. Aortic rings were suspended between two tungsten wire hooks; one hook was fixed to the bottom of a tissue bath, and the other hook was connected to a Grass force transducer (FT03, Astro-Med, West Warwick, RI). Aortic rings were stretched under 2 g of resting tension and allowed to equilibrate for 45 min in a temperature-controlled, water-jacketed tissue bath filled with 50 ml Krebs solution continuously bubbled with 95% O 2-5% CO2 at 37°C. The preliminary resting tension-KCl contraction relationship indicated that 2 g of resting tension produced maximal 96 mM KCl contraction. Further increases in resting tension did not produce further increases in KCl contraction. Changes in contraction/relaxation were recorded on a Grass 7D polygraph (Astro-Med).
After tissue equilibration, a control contraction to 96 mM KCl was elicited. Once maximum KCl contraction was reached, the tissue was rinsed with Krebs solution three times for 10 min each. The control KCl-induced contraction followed by a rinse in Krebs solution was repeated twice. Aortic rings were stimulated with increasing concentrations of phenylephrine (Phe; 10 Ϫ9 -10 Ϫ5 M), concentration-response curves were constructed, and the maximal contraction was measured. Individual Phe concentration-response curves were further analyzed using a nonlinear regression curve (best-fit sigmoidal doseresponse curve, SigmaPlot), and the effective concentration that produced half the maximal contraction (EC50) was measured. In other experiments, the Phe concentration-contraction relationship was constructed in vascular rings pretreated with the AT2R receptor antagonist PD-123319. The contractile response to ANG II (10 Ϫ6 M) was also measured in untreated aortic rings or aortic rings treated with PD-123319. In another set of experiments, aortic rings were precontracted with Phe (10 Ϫ6 M), increasing concentrations of the AT2R agonist CGP-42112A (10 Ϫ10 -10 Ϫ5 M) were added, and the magnitude of vascular relaxation was then measured. Higher concentrations of CGP-42112A (Ͼ10 Ϫ5 M) were not used to avoid potential stimulation of the AT1R, which could promote vascular contraction and thereby confound the vascular relaxation response. Control tissues were treated with vehicle (distilled water). The presence of functional endothelium was tested by eliciting a concentration-relaxation curve in response to acetylcholine (ACh). Although extreme care was taken throughout the procedure to minimize injury to the endothelium, the magnitude of the ACh relaxation varied, suggesting variable degrees of endothelium integrity among the vessels tested. However, none of the vessels tested showed complete relaxation to ACh (completely intact endothelium) or lack of relaxation to ACh (total damage of the endothelium). No exclusion criteria were implemented, and all ACh concentration-relaxation data were included in the analysis.
NO production. NO production was measured using the NOsensitive fluorescent dye 4-amino-5-methylamino-2Ј,7Ј-difluorescein (DAF-FM) (59) . Aortic rings were placed in test tubes containing 2 ml Krebs solution and 7 M DAF-FM and aerated with 95% O2-5% CO2 at 37°C for 45 min. Samples for the basal accumulation of NO were taken. Aortic rings were treated with ACh (10 Ϫ5 M), CGP-4112A (10 Ϫ6 M), or ANG II (10 Ϫ6 M) ϩ losartan (10 Ϫ6 M) for 30 min, removed, dabbed dry with filter paper, and then weighed. The fluorescence of the incubation solutions was measured (50 l, in triplicate) in a 96-well microplate using a SpectraMAX microplate reader (Molecular Devices, Sunnyvale, CA) at an excitation wavelength of 495 nm and an emission wavelength of 520 nm. DAF-FM fluorescence is linearly related to the NO concentration. NO production was expressed as steady-state DAF-FM fluorescence intensity minus its intensity before exposure to the released NO, and values were normalized to tissue weight.
Real-time RT-PCR analysis. RNA was isolated from tissue samples using a RNeasy Fibrous Tissue Mini Kit (QIAGEN, Valencia, CA). Total RNA (1 g) was used for reverse transcription to synthesize single-strand cDNA in a 20-l reaction mixture according to the protocol of the First-Strand cDNA Synthesis Kit (Amersham Biosciences, Pittsburgh, PA). Two microliters of the cDNA dilution (1:5 for eNOS, AT 1R, and AT2R and 1:25 for ␣-actin) of the reverse transcription product was applied to the 20-l RT-PCR mixture. Quantification of gene expression was performed using a real-time quantitative RT-PCR machine (Mx4000, Multiplex Quantitative PCR System, Stratagene, La Jolla, CA) and using previously published oligonucleotide primers specific for eNOS, AT 1R, and AT2R (Integrated DNA Technologies, Coralville, IA) and the Bio-Rad iQ SYBR Green Supermix, which employs the fluorescein compound SYBR Green for amplicon detection (Bio-Rad, Hercules, CA). The ␣-actin primer with an expected product length of 285 bp was included in the RT-PCR as an internal standard to normalize the results. The following primers and sequences were used: eNOS, forward 5Ј-TTCTGGCA-AGACCGATTACACGACAT-3Ј and reverse 5Ј-AAAGGCGGAGAG-GACTTGTCCAAA-3Ј; AT 1R, forward 5Ј-ACCTGCATCATCATCTG-GCTAAT-3Ј and reverse 5Ј-TGTGATATTGGTGTTCTCGATGAA-3Ј; and AT2R, forward 5Ј-TCTGGCTGTGGCTGACTTACTC-3Ј and reverse 5Ј-CTTTGCACATCACAGGTCCAA-3Ј.
PCR was carried out with 1 cycle for 10 min at 95°C and then 40 -45 cycles of 30 s of denaturation at 95°C, 45 s of annealing at 56°C, and 30 s of extension at 72°C followed by 1 min of final extension at 95°C. The number of PCR cycles varied according to the expression level of the target gene. The appropriate primer concentration and number of cycles was determined to ensure that the PCR took place in the linear range and thereby guaranteed a proportional relationship between input RNA and the cycle readout. The relative amount of gene expression was calculated by a comparison of cycle thresholds with the housekeeping gene ␣-actin.
Tissue homogenate. Aortic rings were homogenized in a buffer containing 20 mM MOPS, 4% SDS, 10% glycerol, 2.3 mg DTT, 1.2 mM EDTA, 0.02% BSA, 5.5 M leupeptin, 5.5 M pepstatin, 2.15 M aprotinin, and 20 M 4-(2-aminoethyl)-benzenesulfonyl fluoride using a 2-ml tight-fitting homogenizer (Kontes Glass). The homogenate was centrifuged at 10,000 g for 2 min, and the supernatant was used as the whole tissue fraction. The protein concentration was determined using a protein assay kit (Bio-Rad).
Western blot analysis. The aortic tissue homogenate was subjected to electrophoresis on a 8% SDS-polyacrylamide gel and then transferred electrophoretically to a nitrocellulose membrane. The membrane was incubated in 5% dried nonfat milk for 1 h and then treated with monoclonal antibody to eNOS (1:500, BD Transduction Laboratories, San Diego, CA), phospho-eNOS (1:500, Cell Signaling Technology, Danvers, MA), or AT1R or AT2R (1:200, Santa Cruz Biotechnology, Santa Cruz, CA) for 24 h. ␣-Actin was used as an internal control and was detected by anti-actin antibody (1:500,000, Sigma). Nitrocellulose membranes were washed five time for 15 min in Tris-buffered saline-Tween and then incubated in horseradish peroxidase-conjugated secondary antibody (1:1,000) for 1.5 h. Blots were visualized with ECL Western Blotting Detection Reagent (GE Healthcare Bio-Sciences, Piscataway, NJ), and the reactive bands were analyzed quantitatively by optical densitometry. Densitometry values represent the pixel intensity and were normalized to ␣-actin to correct for loading.
Histology and quantitative morphometry. Cryosections (6 m) of aortic rings from virgin and pregnant rats were placed on glass slides and prepared for staining with hematoxylin and eosin to assess the thickness of the intima, VSM layer, and adventitia. Stained sections were coded and labeled in a blinded fashion. Images were acquired on a light microscope (Olympus BX-2) with a digital camera mount and analyzed using MetaMorph Imaging System software (Universal Imaging, West Chester, PA). Outlines of the vessel lumen, internal elastic lamina, and external vascular wall were defined, and the intimal, medial, and total wall thickness were calculated.
Immunohistochemistry, immunofluorescence, and colocalization experiments. The expression of angiotensin receptor subtypes in the aorta of virgin and pregnant rats was analyzed by immunohistochemistry. Cryosections of the aorta (6 m thick) were thawed and fixed in ice-cold acetone for 10 min. Endogenous peroxidase was quenched in 1.5% H2O2 solution for 10 min, and nonspecific binding was blocked in 10% horse serum. Tissue sections were incubated with AT1R and AT2R antibodies (1:500, Santa Cruz Biotechnology). After being rinsed with PBS, tissue sections were incubated with biotinylated secondary antibody, rinsed with PBS, and then incubated with avidinlabeled peroxidase (VectaStain Elite ABC Kit, Vector Laboratories, Burlingame, CA). Positive labeling was visualized using diaminobenzadine and appeared as brown spots. Negative control slides were run simultaneously with no primary antibody. For colocalization experiments, a double-immunofluorescence strategy was used using a fluorescein readout for AT 1R and AT2R labeling and Texas red readout for VSM ␣-actin. Fluorescent images were acquired using a Nikon Eclipse 300 microscope with an attached Quantix cooled chargecoupled device (Photometrics, Tucson, AZ) and analyzed using MetaMorph image-analysis software.
Solutions and drugs. Krebs solution contained (in mM) 120 NaCl, 5.9 KCl, 25 NaHCO 3, 1.2 NaH2PO4, 11.5 dextrose, 2.5 CaCl2, and 1.2 MgCl2 at pH 7.4 and was bubbled with 95% O2-5% CO2; 96 mM KCl was prepared as Krebs solution with equimolar substitution of NaCl with KCl. Stock solutions of Phe, ACh, ANG II, losartan, PD-123319, and CGP-42112A (10 Ϫ1 M) were prepared in distilled water. All other chemicals were of reagent grade or better.
Statistical analysis. Data were analyzed and presented as means Ϯ SE. Student's t-test for unpaired and paired data was used for comparison of two means. Differences were considered statistically significant if P Ͻ 0.05.
RESULTS
On day 19 of pregnancy or the equivalent in age-matched virgin rats, the average systolic BP was significantly lower in pregnant (103 Ϯ 2 mmHg, n ϭ 8) than virgin rats (113 Ϯ 4 mmHg, n ϭ 8, P ϭ 0.042). In isolated aortic rings of virgin rats, Phe caused concentration-dependent contraction that reached a maximum at 10 Ϫ5 M (Fig. 1) . The Phe-induced contraction was significantly reduced in pregnant rats (maximum: 0.75 Ϯ 0.11 g/mg tissue) compared with virgin rats (maximum: 1.08 Ϯ 0.09 g/mg tissue, P ϭ 0.033). Pretreatment of vascular rings of virgin rats with the AT 2 R antagonist PD-123319 (10 Ϫ6 M) caused no significant change in Phe contraction (maximum: 0.91 Ϯ 0.11 g/mg tissue; Fig. 1A ). In contrast, in vascular rings of pregnant rats, pretreatment with PD-123319 caused significant enhancement of Phe contraction (maximum: 1.18 Ϯ 0.2 g/mg tissue, P ϭ 0.019; Fig. 1B) . Presentation of the Phe contraction as a percentage of the maximum and calculation of EC 50 indicated that Phe was equally potent in inducing contraction in PD-123319-treated compared with nontreated vascular rings of virgin and pregnant rats (Fig. 1, C and D) .
The control contractile response to membrane depolarization by KCl (96 mM) was significant and maintained and was significantly reduced in pregnant compared with virgin rats (P ϭ 0.028; Fig. 2 ). In contrast, ANG II (10 Ϫ6 M) caused a very small and transient contraction that was not significantly different between virgin and pregnant rats. Pretreatment of aortic rings with PD-123319 did not affect ANG II-induced contraction in virgin rats. Also, in aortic rings of pregnant rats, pretreatment with PD-123319 did not significantly enhance ANG II-induced contraction (Fig. 2) .
In aortic rings of virgin rats precontracted with Phe (10 Ϫ6 M), ACh caused concentration-dependent relaxation that reached a maximum at 10 Ϫ5 M (Fig. 3A) . ACh also caused relaxation of aortic rings of pregnant rats that was not significantly greater than that in virgin rats. The AT 2 R agonist CGP-42112A caused no detectable relaxation in aortic rings of virgin rats. In contrast, CGP-42112A caused significantly greater relaxation of aortic rings of pregnant rats, with the maximal value recorded at 10 Ϫ5 M (21.32 Ϯ 8.36%, P ϭ 0.040; Fig. 3B ).
Measurements of NO production indicated that basal NO was significantly greater in aortic rings of pregnant compared with virgin rats (P ϭ 0.029; Fig. 4A ). Also, ACh (10 Ϫ5 ) caused greater increases in NO production in vascular rings of pregnant compared with virgin rats (P ϭ 0.003). The AT 2 R agonist CGP-42112A (10 Ϫ6 M) caused increases in NO production in aortic rings of pregnant rats that were not significantly greater than those in aortic rings of virgin rats (P ϭ 0.052; Fig. 4B ). Also, treatment of vascular rings with ANG II (10 Ϫ6 M) plus the AT 1 R antagonist losartan (10 Ϫ6 M) induced greater NO production in vascular rings of pregnant compared with virgin rats (P Ͻ 0.001). Since losartan is known to mainly block the AT 1 R, the observed effects of ANG II during AT 1 R blockade are likely mediated via other ANG II receptor subtypes, such as the AT 2 R.
RT-PCR analysis indicated increased expression of eNOS mRNA in the aorta of pregnant compared with virgin rats (P ϭ 0.007; Fig. 5A ). Western blot analysis revealed no significant differences in the amount of total eNOS protein (Fig. 5B ) but robust and significant increases in activated phospho-eNOS (P Ͻ 0.05) in pregnant compared with virgin rats (Fig. 5, C and  D) . RT-PCR analysis revealed no significant differences in AT 1 R mRNA expression (Fig. 6A ) but significant increases in AT 2 R mRNA in the aorta of pregnant compared with virgin rats (P ϭ 0.045; Fig. 6B ). Western blot analysis revealed no differences in the amount of AT 1 R protein but significantly greater amounts of AT 2 R protein in the aorta of pregnant compared with virgin rats (P ϭ 0.029).
Histological analysis of the tissue sections indicated that the aortic wall thickness was similar in pregnant compared with virgin rats (Fig. 7, A and B) . Additional morphometric analysis indicated that the tunica intima thickness as a percentage of the total thickness was similar in pregnant and virgin rats. In contrast, the percent tunica media thickness was significantly greater (P ϭ 0.006) and the percent tunica adventitia thickness was significantly reduced (P ϭ 0.006) in aortic tissue sections of pregnant compared with virgin rats (Fig. 7C) . Immunohistochemical analysis revealed significant AT 1 R and AT 2 R staining in tissue sections of virgin and pregnant rats (Fig. 8, A and B) . In virgin rats, AT 1 R staining was abundant and evenly distributed in the tunica media, VSM layer, and adventitia ( Fig. 8C ) and less AT 2 R staining could be detected (Fig. 8D) . In pregnant rats, AT 1 R staining was not significantly reduced in the intima or media but was significantly reduced in the adventitia (P ϭ 0.027; Fig. 8C ), whereas AT 2 R staining in the tunica intima and endothelium was significantly enhanced (P ϭ 0.039; Fig. 8D ). Immunofluorescence analysis indicated that the total AT 1 R immunofluorescence intensity was 11.72 Ϯ 2.97 units in pregnant rats compared with 26.29 Ϯ 5.55 units in virgin rats, whereas the AT 2 R immunofluorescence intensity was 21.19 Ϯ 7.1 units in tissue sections of pregnant rats compared with 16.25 Ϯ 3.04 units in tissue sections of virgin rats. Double labeling with actin and colocalization experiments in tissue sections of virgin rats revealed that AT 1 Rs largely colocalized with actin in the VSM layer (Fig. 9A) , whereas AT 2 Rs were mainly in the intima (Fig. 9C) . In tissue sections of pregnant rats, the AT 1 R signal in the tunica media was reduced (Fig. 9B) , whereas a prominent AT 2 R signal could be detected in the intima (Fig. 9D) .
DISCUSSION
The main findings of the present study are as follows: 1) AT 2 Rmediated vascular relaxation is enhanced in vascular rings of pregnant rats, 2) the enhanced AT 2 R-mediated vascular relaxation during pregnancy is associated with increased eNOS mRNA expression and the amount of activated phosphoeNOS, and 3) the enhanced vascular relaxation during pregnancy is associated with increased amounts of vascular AT 2 Rs and dense distribution in the tunica intima.
Consistent with previous reports (16, 42) , BP was found to be reduced in pregnant compared with virgin rats. Additionally, the ␣-adrenergic agonist Phe caused significant contraction that was reduced in aortic rings from pregnant compared with virgin rats. To test whether the decreased vascular contraction was specific to ␣-adrenergic receptors, vascular responses to other vasoconstrictor stimuli were examined. The contractile response to ANG II, which is largely mediated via the AT 1 R, was very small and somewhat difficult to analyze, likely due to the notoriously tachyphyalctic effects of ANG II. On the other hand, the contractile response to membrane depolarization by KCl, a receptor-independent response, was significantly reduced in pregnant compared with virgin rats. These findings are in agreement with previous studies (17, 43, 47, 53) that have shown that the myogenic tone and vascular responsiveness to vasoconstrictors are reduced during pregnancy. The decreased vascular contraction in pregnant rats could be explained by an enhanced NO-mediated vascular relaxation pathway because 1) RT-PCR revealed that eNOS mRNA expression was greater in vascular rings of pregnant compared with virgin rats; 2) Western blot analysis revealed Fig. 4 . Nitric oxide (NO) production in aortic rings of virgin and pregnant rats. Aortic rings were incubated in normal Krebs solution for 30 min, and basal NO production was measured using 4-amino-5-methylamino-2Ј,7Ј-difluorescein (DAF-FM) fluorescence (A). Tissues were then stimulated with ACh (10 Ϫ5 M; A), the AT2R agonist CGP-42112A, or ANG II plus the angiotensin type 1 receptor (AT1R) antagonist losartan (B) for 30 min, and released NO was measured. Data represent means Ϯ SE; n ϭ 7-34. *Measurements in pregnant rats were significantly different (P Ͻ 0.05) from virgin rats. that the protein amount of activated phospho-eNOS was greater in vascular rings of pregnant compared with virgin rats; 3) measurement of NO using DAF-FM fluorescence indicated that basal and ACh-induced NO production are greater in vascular rings of pregnant compared with virgin rats, suggesting increased NOS activity during pregnancy; and 4) prominent ACh-induced relaxation of Phe contraction was observed in aortic rings of pregnant rats. These findings are consistent with reports of increased expression of inducible NOS in the kidney and constitutive eNOS in the aorta of late pregnant rats (3, 27) and increased plasma levels, metabolic production, and urinary excretion of cGMP during pregnancy (12) .
The potential upstream mechanisms that could increase the expression/activity of the NO vascular relaxation pathway during pregnancy were investigated. Studies (15, 48) have shown that Phe-and ANG II-induced vascular contraction are reduced in female rats compared with male or ovariectomized (OVX) female rats and not different between estrogen-replaced Fig. 5 . Expression of endothelial NO synthase (eNOS) in the aorta of virgin and pregnant rats. RT-PCR and Western blot analysis were used to measure eNOS mRNA expression (A) and the amount of total eNOS protein (B), activated phospho-eNOS (C), and phospho-eNOS/total eNOS (D) in aortic tissue homogenates of virgin and pregnant rats. Data represent means Ϯ SE; n ϭ 3-6. *P Ͻ 0.05. OVX females and intact female rats. Also, the amount of vascular AT 2 Rs has been reported to be greater in female compared with male spontaneously hypertensive rats, possibly due to an effect of estrogen on AT 2 R expression (60). Additionally, the AT 2 R is expressed heavily in fetal and placental tissues compared with adult tissues (9, 44, 68) . Because AT 2 Rmediated responses are upregulated in the presence of estrogen, and because estrogen increases substantially during pregnancy, we reasoned that AT 2 R-mediated vascular responses are possibly upregulated during pregnancy due to increased expression/activity of vascular AT 2 Rs.
The present results suggest an increase in AT 2 R-mediated vascular relaxation during pregnancy because 1) the AT 2 R antagonist PD-123319 caused greater enhancement of Pheinduced contraction and enhanced ANG II contraction in vascular rings of pregnant but not virgin rats; 2) CGP-42112A, a highly selective AT 2 R agonist (36, 70) , caused measurable and significant relaxation in the aorta of pregnant but not virgin rats; and 3) NO production in response to ANG II plus the AT 1 R antagonist losartan was greater in vascular rings of pregnant compared with virgin rats.
The increased AT 2 R-mediated vascular relaxation could reflect changes in the expression and/or tissue distribution of ANG II receptor subtypes. ANG II stimulates two receptor subtypes: AT 1 Rs and AT 2 Rs (24, 32, 39, 52, 62) . Studies (30, 54, 65) have shown that the AT 1 R is widely expressed in blood vessels and the kidney and mediates most of the effects of ANG II. On the other hand, the AT 2 R is expressed in the kidney and heart as well as the aorta, mesenteric, coronary, and renal vessels of adult rats (9, 10, 60, 61, 68) . Also, the AT 2 R is localized in the endothelium but not in VSM cells in coronary vessels of young rats. Furthermore, AT 2 R protein (ϳ44 kDa) is detectable in AT 2 R-transfected COS-7 cells and neonatal rat cardiac myocytes but not in fibroblasts or young Fig. 7 . Histology of the aorta of virgin and pregnant rats. Cryosections (6 m) of the aorta were stained with hematoxylin and eosin (A). The total aortic wall thickness was measured (B). Aortic wall layers of the intima, media, and adventitia were defined, and their thickness is presented as a percentage of the total wall thickness (C). Total magnification: ϫ100. Data represent means Ϯ SE; n ϭ 4. *P Ͻ 0.05.
rat aortic VSM cells (68) . The present RT-PCR and Western blot experiments are consistent with previous reports and suggest that both AT 1 Rs and AT 2 Rs are expressed in the aorta of virgin rats. More importantly, the present study suggests little change in the mRNA expression and protein amount of vascular AT 1 Rs but substantial increase in AT 2 Rs during pregnancy.
The changes in the expression of ANG II receptor subtypes during pregnancy could affect both vascular and renal function and thereby affect BP. The AT 2 R mediates responses that counteract the effects of the AT 1 R (30, 49). The AT 1 R stimulates cell proliferation, whereas the AT 2 R inhibits proliferation and promotes cell differentiation (8, 49, 65) . The AT 1 R mediates antinatriuretic and renal vasoconstrictor effects of Images of tissue sections were acquired and analyzed using the MetaMorph Imaging System. The total number of pixels in the tissue section image was first defined, and the number of brown spots (pixels) was then counted and presented as a percentage of the total pixels (B). The number of pixels in the specific vascular layer (intima, media, and adventitia) was also defined and transformed into the area (in m 2 ) using a calibration bar. The number of brown spots (pixels) representing the AT1R (C) and AT2R (D) in each vascular layer was then counted and presented as the number of pixels per micrometer squared. Total magnification: ϫ200. Data represent means Ϯ SE; n ϭ 4. *P Ͻ 0.05.
ANG II (28, 34, 35, 50) , whereas the AT 2 R opposes these effects and promotes natriuresis and renal vasodilation (8) . The AT 1 R is a G protein-coupled receptor that causes the activation of various protein kinases and stimulation of cellular protein phosphorylation (18, 65) . The AT 2 R is a G protein-coupled receptor with minimal sequence homology with the AT 1 R (7, 9) and causes the activation of various phosphatases and cellular protein dephosphorylation (4, 19) .
Immunohistochemistry revealed a decrease in total AT 1 Rs and an increase in AT 2 Rs in the aortic wall of pregnant compared with virgin rats. The increase in AT 2 Rs in pregnant rats was more prominent in the intima. Immunofluorescence experiments confirmed the immunohistochemistry results and also revealed that AT 1 Rs colocalized mainly with ␣-actin in the aortic media, whereas AT 2 Rs localized mainly in the tunica intima. The present observation that the AT 1 R was mainly localized in the tunica media is consistent with its role in vascular contraction. On the other hand, the localization of the AT 2 R in the tunica intima is consistent with its potential effect on the endothelium. The observed dense distribution of the AT 2 R in the intima of aortic rings of pregnant rats is consistent with enhanced AT 2 R-mediated vascular relaxation during pregnancy.
The increased AT 2 R-mediated vascular relaxation may explain the decreased BP observed during pregnancy. It should be noted that the present experiments were conducted on the aorta, and whether similar pregnancy-associated increases in the AT 2 R-mediated vascular relaxation pathway also occur in small resistance vessels remains to be examined. Also, it is possible that other vascular relaxation pathways, such as AT 2 R-mediated bradykinin release and activation of PGI 2 -cAMP and/or EDHF pathways, may contribute to vascular relaxation during pregnancy. It has been shown that the activation of endothelial AT 2 Rs stimulates the release of bradykinin and thereby stimulates bradykinin B 2 receptor-mediated mechanisms of vascular relaxation through increased NO, PGI 2 , and EDHF production (1, 8, 9, 41, 71) . The AT 2 R is also coupled to eNOS activation and the NO-cGMP vascular relaxation pathway (1, 7, 8, 51, 57) as well as increased PGI 2 synthesis and the release of EDHF (20, 38) . A study (72) has also shown an increase in PGI 2 production during late pregnancy. Additionally, EDHF may play a role in the enhanced ACh-induced relaxation of mesenteric and uterine arteries of pregnant rats (23, 26) .
An important observation is that while the total aortic wall thickness may not be significantly different, the media/total thickness was greater in pregnant rats compared with virgin rats. These structural changes may be related to the increased cardiac output and hemodynamic forces during pregnancy. Whether these structural changes are also related to the changes in the expression of vascular AT 1 Rs and AT 2 Rs and their differential effects on vascular cell growth and proliferation during pregnancy should be examined in future studies.
In 5-10% of pregnancies, women develop preeclampsia, a condition characterized by proteinuria and hypertension, which represents a major cause of maternal and fetal morbidity and mortality (22, 29, 45, 55, 56) . Hypertension in pregnancy is associated with increased vascular resistance, enhanced vascular contraction to ANG II, and reduced renal plasma flow (2, 29, 43, 63) . Understanding the vascular mechanisms involved in the regulation of BP during normal pregnancy would help to delineate the pathological changes that occur during hypertension in pregnancy. The present experiments demonstrated that acute treatment of vascular strips with AT 2 R antagonist is associated with enhanced vascular contraction in pregnant rats. To further test the hypothesis that endothelial AT 2 R-mediated vascular relaxation mechanisms are enhanced during pregnancy, future studies should examine whether chronic infusion of pregnant rats with AT 2 R antagonist is associated with decreased vascular relaxation and increased contraction and BP, thus mimicking the conditions observed in hypertension in pregnancy and preeclampsia. Also, because of the difficulty in performing mechanistic studies in pregnant women, animal models of hypertension in pregnancy have been developed (5, 13, 14, 21, 42, 46) . The present study highlights the exciting possibility that vascular AT 2 Rs could be downregulated in animal models of hypertension in pregnancy and in women with preeclampsia and should represent important areas for future investigations and translational research.
Thus, AT 2 R-mediated vascular relaxation is enhanced during normal pregnancy. The enhanced vascular relaxation could be related to increased AT 2 R-mediated signaling and increased eNOS activity. An increase in AT 2 R-mediated vascular relaxation may result in the decreased BP observed during normal pregnancy. Also, during normal pregnancy, the total amount and tissue distribution of ANG II receptor subtypes show a decrease in AT 1 Rs and an increase in AT 2 Rs, particularly in the tunica intima. The differential expression of vasodilator AT 2 Rs and vasoconstrictive AT 1 Rs between the vascular endothelium and smooth muscle during pregnancy may function as a compensatory mechanism for the increased hemodynamic forces and may in part explain the reduction of BP despite the upregulation of the renin-angiotensin system during pregnancy.
